During mammalian evolution, endogenous retroviruses (ERVs) have invaded the germ-line of the host, and proviral loci occupy~8 % of the genome according to the draft of the sequence of the human genome (Lander et al., 2001) , although the complexity of variation among individuals remains to be clarified (Conrad et al., 2010) , and current sequence-assembly software may miss individual repetitive elements. Most of these ancient viral loci are non-functional as the result of the accumulation of debilitating mutations. Excluding young loci of HERV-K origin, only 18 intact viral genes have been annotated among the thousands of proviral loci (Villesen et al., 2004) . Interestingly, 15 of these encode viral envelope genes (Villesen et al., 2004) . The envelope glycoproteins encoded by syncytin-1 (ERVWE1), syncytin-2 (HERV-FRD) and envPb1 are in fact still fusion-competent and may, at least after ectopic expression, cause formation of multinucleated syncytia in cell cultures (Blaise et al., 2003 (Blaise et al., , 2005 Blond et al., 2000; Mi et al., 2000) . Fusion of cells plays an essential role in human development and reproduction, for instance in sperm-oocyte fusion or when macrophages or myoblasts differentiate into syncytia osteoclasts or muscle fibres, respectively. Another important fusion event occurs during formation of the syncytiotrophoblast layer in the placenta. Syncytin-1 and -2 are highly expressed in placental tissue (Blaise et al., 2003; Blond et al., 2000; Mi et al., 2000) and have therefore been proposed to mediate formation of the syncytiotrophoblast layer (Blond et al., 2000; Esnault et al., 2008; Mi et al., 2000; Ruebner et al., 2010) . Recent data from our laboratory indicate that syncytin-1 might also be involved in fusion between myoblasts and osteoclasts Søe et al., 2011) .
We report here on lentiviral vectors for stable downregulation of human fusion-competent envelope genes. In order to silence the envelope genes syncytin-1 (envW1) and envPb1, we constructed three U6-promoted short hairpin RNA (shRNA) expression plasmids for each target gene. The knockdown efficacy of each shRNA was tested in cotransfection assays in HEK 293 cells with psiCheck-based luciferase reporters, in which the Renilla luciferase (Rluc) reporter transcript is fused to the full-length envelope target, while firefly luciferase (Fluc) serves as an internal control (Table 1) . We then cloned the two best U6-shRNA cassettes (shW and shPb; Table 1 ) into a third-generation pHIV7-based lentiviral vector to produce pHIV7-U6-shRNAs vectors that would allow stable transduction of target cells (see Supplementary Methods and Table S1 , available in JGV Online). We produced VSV-G-pseudotyped lentiviral particles and concentrated the supernatant by ultracentrifugation 3These authors contributed equally to this work.
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, as determined by transduction of human HT1080 cells.
We transduced trophoblast-derived choriocarcinoma BeWo cells with our envW1-or envPb1-targeting vector using an m.o.i. of 5, and achieved more than 90 % positively transduced BeWo cells, as determined by GFP marker expression. We cultured the cells for 2 weeks to ensure efficient silencing, during which period the cells retained their green fluorescence. We did observe mild growth retardation of shRNA-expressing BeWo cells, independent of shRNA vector context. This is a phenotype often observed with stable shRNA expression, and may, in the worst cases, even induce cytotoxicity and apoptosis (An et al., 2006) . We are confident that this minor growth impairment does not influence our data, since neither gene expression levels of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or env nor fusion assay activity were grossly affected in cells transduced by the 'empty' lentiviral vector compared with the non-targeting control shRNA (shS1).
We initially confirmed our stable knockdown strategy by targeting syncytin-1 (envW1) in BeWo cells, since these trophoblast-derived choriocarcinoma cells normally express high levels of syncytin-1. We used a quantitative cell-cell fusion assay in which EnvW1-expressing cells fuse spontaneously to the receptor (ASCT2)-expressing fusion partner (HUV-EC-C; human endothelial cells) (Bjerregaard et al., 2006; Mortensen et al., 2004) . Fused cells were visualized and counted using cell-type-specific antibodies, and doublepositive cells were scored (Fig. 1a) . Using cytokeratin as a marker for BeWo cells and vimentin as an endothelial marker, we found a marked drop (86±9 %; P,0.001) in the fraction of fused BeWo-HUVEC cells upon silencing of envW1 (Fig. 1b) . This result verifies the validity of stable silencing of envelope genes to study heterotypic cell-cell fusion. We measured the level of envW1 expression by quantitative RT-PCR and found a significant reduction of envW1 RNA expression, to 49±8 % (relative to GAPDH; P,0.05), in cells expressing envW1-targeting shRNAs compared with control cells transduced with an 'empty' pHIV7 vector not expressing any shRNA. EnvPb1 and syncytin-2 expression was unchanged in shW-transduced cells and in control cells (data not shown).
We next proceeded to silence the recently discovered envelope gene envPb1 (Villesen et al., 2004) . Stably transduced (shPb) cells were tested for heterotypic fusion activity when the BeWo-shRNA cells were co-cultured with HUVEC cells (Fig. 1c) . We found that, much like syncytin-1-depleted cells, knockdown of envPb1 resulted in a marked reduction (82±2 %; P,0.001) in BeWo-HUVEC heterotypic fusion activity. HERV-Pb1 is integrated in an antisense orientation in the intron of the RIN3 gene. To avoid a contribution from RIN3 intronic RNA, a strand-specific quantitative PCR protocol was established in order to determine mRNA levels for envPb1 (Supplementary Methods). We found that untreated BeWo cells expressed substantial levels of envPb1 RNA and, like Vargas et al. (2012) , we noted an increase (~7-fold) upon treatment with 50 nM forskolin. When examining the endogenous levels of envPb1 expression in BeWo cells transduced with our lentiviral vector harbouring the U6-shPb silencing cassette, we found a potent downregulation to less than 5 % (P,0.05), whereas there was no effect on RNA for envW1 or syncytin-2. This indicates that the strong reduction in cell fusion in cells transduced by the U6-shPb vector is in fact due to a reduction in envPb1 expression.
EnvPb1 is capable of mediating cell-cell fusion upon ectopic expression in a number of cell lines (Blaise et al., 2005) , and our results imply that HUVEC cells also express the cognate receptor for EnvPb1. In the light of the fact that BeWo is a choriocarcinoma-derived cell line, this adds credence to the notion that fusion in cancer cells may exploit endogenous envelope proteins as a cell-cell fusion device (Bjerregaard et al., 2006 Søe et al., 2011) . Recently, data have accumulated to indicate that fusion in general may be involved in cancer development using envelope proteins as well as other unrelated cellular fusion machineries (Larsson, 2011) . Our findings suggest that both syncytin-1 and envPb1 may direct heterotypic fusion of choriocarcinoma cells and endothelial cells, a finding with possible relevance for syncytial tumours or placentaderived cancers. Strikingly, we observed a strong reduction in fusion by knockdown of expression of either envelope gene. This may suggest that they cannot simply compensate for each other and/or that there is no simple linear relationship between envelope mRNA and fusion activity. In fact, the regulation of cell-cell fusion mediated by env genes may be quite complex and involve multiple envelope proteins, potentially in heteromeric complexes. While it is well established that the fusion activity of envelope proteins Silencing of syncytin-1 and EnvPb1 of exogenous gammaretroviruses is strictly regulated by proteolytic cleavage of their C terminus after budding, the steps that lead to the physiological activation of the cell-cell fusion activity of endogenous envelope proteins are less clear.
Evolutionary conservation suggests that the envPb1 gene was preserved for a physiological purpose. The open reading frame has remained intact for~30 million years, and there is strong evidence for purifying selection among hominoids and Old World monkeys (Aagaard et al., 2005) . Whether envPb1 was co-opted to be fusogenic, to protect against incoming viruses or to perform other, perhaps immunological, roles has yet to be answered (Prudhomme et al., 2005) . The involvement of multiple envelope proteins in controlling fusion of BeWo cells raises the hypothesis that envPb1 could be involved in controlling the fusion of trophoblasts in vivo during placenta formation, as has been suggested for syncytin-1 and -2 (Blaise et al., 2003; Blond et al., 2000; Esnault et al., 2008; Mi et al., 2000; Malassiné et al., 2007) . However, in a recent paper by Vargas et al. (2012) , neither overexpression of EnvPb1 in BeWo cells nor siRNA knockdown of envPb1 upon forskolin induction supported the role of envPb1 in control of homotypic trophoblast cell fusion in vivo. This may stem from lack of expression of the cognate receptor or could be due to receptor interference in cell-culture models.
This is the first report to demonstrate stable knockdown of human envelope genes. Our available vectors are likely to find use in functional studies of fusion-competent human envelope genes in normal physiology and in research (or eventually therapy) of cancers and other human diseases associated with deregulated envelope expression. Syncytin-1 activity has been associated with human diseases such as multiple sclerosis (Antony et al., 2004; Perron et al., 2001) , pregnancy disorders such as pre-eclampsia and HELLP syndrome (Knerr et al., 2002; Lee et al., 2001; Malassiné et al., 2008) and, lately, recent reports show that syncytin-1 expression may be linked to proliferation and fusion of breast cancer cells (Bjerregaard et al., 2006) , endometrial carcinomas (Strick et al., 2007) and colorectal cancer (Larsen et al., 2009) . The multitude of roles played by syncytin-1 and -2 and EnvPb1 in normal physiology and disease remain to be fully unravelled. 
